We demonstrate strong exciton-plasmon coupling in silver nanodisk arrays integrated with monolayer MoS 2 via angle-resolved reflectance microscopy spectra of the coupled system. Strong exciton-plasmon coupling is observed with the exciton-plasmon coupling strength up to 58 meV at 77 K, which also survives at room temperature. The strong coupling We show that the exciton-plasmon coupling strength, polariton composition and dispersion can be effectively engineered by tuning the geometry of the plasmonic lattice, which makes the system promising for realizing novel two-dimensional plasmonic polaritonic devices.
Few-layered transition metal dichalcogenides (TMDs) have recently attracted significant attention owing to their unique optical [1] [2] [3] and electronic 4, 5 properties. In particular, when thinned down to a monolayer, these materials become direct band gap semiconductors 6, 7 with large exciton binding energies 3 , which makes them excellent candidates for achieving strong lightmatter coupling 8, 9 for various applications including ultrathin, flexible devices. Strong coupling is achieved when the rate of energy transfer between the exciton and light is faster than their average dissipation rate, with the formation of light-matter hybrid states and new quasi-particles named exciton polaritons. As half-light half-matter particles, polaritons not only have the advantages of photons, such as small effective mass, fast propagation and long range spatial and temporal coherence, but also, via their matter fraction, possess strong inter-particle interactions that greatly enhances their nonlinear properties. This unique property allows for the observation of intriguing coherent phenomena such as polariton Bose-Einstein condensation 10, 11 and polariton bistability [12] [13] [14] as well as enables novel photonic devices such as polariton lasers 10, 15 and optoelectronic/all-optical circuit elements like polariton switches 16 , transistors 12 , and logic gates 13, 14, 16 . Moreover, the dispersion of polaritons can be significantly different from that of photons, which can generate slow light that is advantageous for sensing 17 and enhancing nonlinear processes 18 . Particularly, polaritons in 2-D systems with broken translational symmetry, have enhanced light-matter coupling strength due to the confinement of the excitons and the light field, and also enables exotic effect like superfluidity 19 and emerging of topological polariton states 20 . Understanding and tailoring the coupling strength, composition and dispersion of the polaritons is critical to the realization of these effects and the development of 2D polaritonic devices.
Recently, there has been a growing interest in studying strong light-matter coupling in exciton-plasmonic systems including metallic nanoparticles 21 , gratings 22 and lattices [23] [24] [25] [26] . Surface plasmon polaritons (SPPs) can tightly confine light much below the diffraction limit, which leads to a strongly enhanced local field with ultrasmall mode volume and hence enables strong exciton-plasmon coupling with observation of giant Rabi splitting of up to several hundred meV [22] [23] [24] [25] [26] Figure 1 (a) . 31 A home-built angle-resolved system was applied to measure the reflectance spectra of the samples (Figure 1 plasmonic gratings 34 and lattices 23, 35 , implying that the localized resonance of individual nanostructures can be coherently coupled to the collective diffraction of the lattices in these systems.
The dispersion curves were then fitted to a coupled-oscillator model (COM), with the Hamiltonian given by:
where for the diagonal terms, E and γ denote the energy and the damping (half-width at half- coupling strengths between the A and B excitons, and between the two diffractive orders were set to zero, while other coupling strengths were used as fitting parameters. The values for the LSPR wavelengths and coupling strengths as obtained from the COM fitting are listed in Table 1 .
The lattice-LSPR coupling strength is of the order of 100 meV and increases with increasing disk diameter, which is consistent with the observations from the arrays on bare Si/SiO 2 substrate without MoS 2 . The exciton-LSPR coupling is enhanced strongly with decreasing exciton-LSPR detuning, and the maximum coupling strength of 58 meV was found for the A exciton-LSPR coupling when the LSPR is nearly in resonance with the A exciton (d = 100 nm, LSPR ~630 nm).
The exciton-lattice diffraction mode coupling was found to be the weakest among the three types The above results demonstrate that the tunable mode structure and distinct properties of different resonances in a plasmonic lattice allow engineering of the exciton-plasmon coupling strength, polariton composition, and therefore their physical properties, which is crucial for polariton devices design tailored for specific applications. Specifically, the large exciton fraction increases the polariton lifetimes and enables stronger inter-particle interaction, the large LSPR fraction enhances the coupling strength, and the lattice resonance fraction tailors the polariton dispersions, and its collective nature enable the coherent coupling for excitons within its coherence length (usually >10X lattice parameter). Proper tuning of these compositions by carefully designing the plasmonic lattices will allow for the development of polaritonic devices that are suitable for a variety of purposes.
Finally, to evaluate the robustness of the strong exciton-plasmon coupling of the system, we studied its temperature dependence by measuring the reflectance spectra for both silver array- (Figure 4 (d) ). However, near the A exciton region (~660 nm), strong coupling can still be resolved in the angle-selected reflectance spectra of MoS 2 coupled to silver nanodisk array ( Figure 4c ). As seen in Figure 4c , the reflectance dips for polariton branches 2 and 3 can be identified at the high-and low-energy sides of the A exciton, respectively. This finding demonstrates that strong exciton-plasmon coupling survives at room temperature, probably owning to the large exciton binding energy of MoS 2 that is at least one order of magnitude larger than the thermal energy at the room temperature (~26 meV). Fitting these two branches to the coupled oscillator model with exciton energies and linewidths at room temperature gives an A exciton-LSPR coupling strength of 43 meV and an A exciton-lattice resonance coupling strength of 11 meV, which is decreased only slightly from the values at 77 K. This result indicates that strong coupling is still robust at room temperature, and hence the system holds promise for room temperature plasmonic polaritonic devices in ultrathin semiconductors. It is also worth noting 13 that this coupling strength value is much larger than the exciton-photon coupling strength of 23 meV reported in MoS 2 coupled with dielectric cavities at room temperature 8 , and therefore highlights the strongly enhanced light-matter interaction strengths in plasmonic lattices.
For a more detailed study of the temperature dependence of exciton-plasmon polaritons, the wavelengths of the A exciton and the two polariton branches at sin 0.37 
